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Study  region:  The  Amazonian  wetlands  of Bolivia,  known  as the  Llanos  de  Moxos,  are
believed  to play  a  crucial  role  in regulating  the  upper  Madeira  hydrological  cycle,  the most
important  southern  tributary  of  the  Amazon  River.  Because  the area  is  vast  and  sparsely
populated,  the  hydrological  functioning  of the  wetlands  is  poorly  known.
Study  focus:  We  analyzed  the  hydrometeorological  conﬁgurations  that  led to the  major
ﬂoods of  2007,  2008  and  2014.  These  data,  together  with  ﬂood  mapping  derived  from
remote  sensing  images,  were  used  to  understand  the dynamics  of  the Llanos  during  the
three  ﬂood  events.
New hydrological  insights  for the  region:  The  results  showed  that large  ﬂoods  are  the  result  of
the  superimposition  of ﬂood  waves  from  major  sub-basins  of  the  region.  As  a previous  study
suggested,  the  dynamics  of  the  ﬂoods  are  controlled  by an  exogenous  process,  created  by
the  ﬂood  wave  originating  in the  Andes  piedmont  that  travels  through  the Mamoré  River;
and  by an  endogenous  process,  which  is  the  runoff  originating  in  the  Llanos.  Our study
showed  that the ﬁrst process  is  evident  only  at the initial  phase  of  the  ﬂoods,  and  although
important  for  attenuating  the  rising  ﬂood  wave,  it is of  lesser  importance  compared  to the
endogenous  process.  We  conclude  that  the  endogenous  process  controls  the  magnitude
and  duration  of  major  ﬂoods.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
Amazonian wetlands play a crucial role at the watershed scale because they are important habitats that support bio-
iversity of the ecosystem (Junk, 1997) and because they modulate water ﬂuxes, both their quality and quantity. Amazon
etlands affect the basin sediment load, modifying water and dissolved and particulate material ﬂuxes from upland water-
heds through river drainage networks (Dunne et al., 1998; Guyot et al., 1996; Junk and Worbes, 1997; Meade et al., 1985;
elack and Forsberg, 2001; Mertes et al., 1996). Water residence time in wetlands alters river discharge due to the exchange
f water between river and ﬂoodplain, and it promotes large evaporative losses (Bonnet et al., 2008; Mertes et al., 1995;
udorff et al., 2014). In addition, water residence time in Amazon wetlands is crucial in the regulation of biogeochemical
nd biotic processes (Bouchez et al., 2012; Junk et al., 1989; Viers et al., 2005) and consequently carbon dioxide (CO2) and
∗ Corresponding author. Tel.: +55 12 32087782.
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http://dx.doi.org/10.1016/j.ejrh.2015.11.004
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methane (CH4) emissions (Abril et al., 2014; Kayranli et al., 2010; Melack et al., 2004; Richey et al., 2002). Both sediments
and biogeochemical dynamics depend on the spatial and temporal patterns of hydrology, which, in addition to rainfall
distribution, are also inﬂuenced by the topography, soil and vegetation (Mertes et al., 1995).
Over the period 2000–2014, the Amazon Basin has been affected by severe droughts (Espinoza et al., 2012; Marengo
et al., 2008; Marengo et al., 2011; Tomasella et al., 2010) and ﬂoods (Marengo et al., 2012). The increased frequency of
extremes in the Amazon has led Gloor et al. (2013) to suggest an intensiﬁcation of the hydrological cycle starting from
the 1990s, mainly concentrated in the wet season, which is responsible for “progressively greater differences in Amazon
peak and minimum ﬂows”. It has been shown that these extreme events have the potential to cause serious disruptions
in the ecological functioning of the “terra ﬁrme” Amazon forest ecosystems (e.g. Phillips et al., 2009) and alter the normal
functioning of the wetlands, pushing the physiological adaptations and behavioral changes of living organisms beyond their
resilience limits (Junk, 2013). In addition, they compromise the livelihoods of riverine communities, which are dependent
on the ﬂood pulses (Tomasella et al., 2013).
The Bolivian Amazon wetlands have also been affected by these extreme events. In terms of impacts and magnitude, the
ﬂoods of 2007, 2008 and 2014 caused signiﬁcant economic impacts and a large number of fatalities. According to CEPAL
(2008), the ﬂoods of 2007 and 2008 caused losses of approximately $US 220 million in Bolivia, with approximately 250,000
affected people and 49 fatalities. The major ﬂood of 2014 left 340,000 people affected, 64 fatalities, and 49,000 km2 of
crops lost. The losses in the livestock sector in the Beni Department reached $US 111 million with 350,000 people affected
(Fundación-Milenio, 2014)
Sea surface temperature anomalies (SSTA) are believed to be inﬂuencing extreme ﬂood events in the Bolivian Amazon
(Ronchail et al., 2005; Ronchail et al., 2003). Higher than normal rainfall in the region has been related to a weak meridional
sea surface temperature gradient (Ronchail et al., 2005). For this reason, the ﬂoods of 2007 and 2008 have been associated
with El Nin˜o and La Nin˜a events, respectively (CEPAL, 2008), although the atmospheric processes associated with these
extremes remain undocumented. The unprecedented rainfall over the Madeira Basin during the rainy season of 2013–2014,
on the other hand, was related to warm conditions in the Paciﬁc-Indian and sub-tropical south Atlantic, and exceptional
warm conditions in the Atlantic Ocean, which favored the humidity transport over South western Amazonia (Espinoza
et al., 2014). These features induced an anti-cyclonic anomaly over subtropical South America during January 2014, which
enhanced rainfall over the Madeira Basin drainage area (Espinoza et al., 2014).
One of the major Amazonian wetlands is the “Llanos de Moxos”, located between the Andes and the Brazilian shield, in the
Southwest Amazon Basin within Bolivia. Like other wetlands in Amazonia, the “Llanos”, because of its size and remoteness,
is poorly monitored and therefore not well understood. To overcome this limitation, passive and active remote sensing tech-
niques are crucial because they can provide information with the spatial and temporal resolution required in many studies.
Passive systems have been used to characterize Amazonian wetlands in terms of vegetation, ﬂuvial dynamics, limnology,
geomorphology and ﬂood extension despite their limitations due to interference from cloud coverage and vegetation (e.g.
Alcantara et al., 2008; Arraut et al., 2013; de Lucia Lobo et al., 2012; Hamilton et al., 2002; Plotzki et al., 2012; Rudorff
et al., 2009). Complementary, active systems (mainly Synthetic Aperture Radar—SAR) have proven to be extremely useful
for mapping ﬂood extension, vegetation, water stages and storage (e.g., Alsdorf et al., 2007; Arnesen et al., 2013; Hess et al.,
2003; Martinez and Le Toan, 2007)
Moreover, remote sensing when combined with hydro-meteorological data makes it possible to understand the hydro-
logical function of wetlands (Da Silva et al., 2010; Da Silva et al., 2012; Frappart et al., 2006). In this context, most of the
existing knowledge of the ﬂood dynamics in the “Llanos de Moxos” is based on the use of remote sensing and observational
data (Bourrel et al., 2009; Hamilton et al., 2002; Hamilton et al., 2004) and more recently with the use of hydrological models
(Paiva et al., 2013; Siqueira et al., 2015).
In this study, we have analyzed the hydrometeorological context of the 2007, 2008 and 2014 ﬂoods in the upper Madeira
Basin and the dynamics of the Bolivian wetlands during those major ﬂoods events. We  critically assess the temporal and
spatial hydrological patterns that explain the magnitude and duration of those ﬂoods, both in the main rivers and wetlands.
To achieve these goals, we have integrated hydrological and rainfall data from several sources in Bolivia, Brazil and Peru.
Considering that the study region is vast and isolated, we complemented the scarce hydrometeorological data with multi-
temporal ﬂood maps based on the use of nouvelle remote sensing techniques. This study brings new insights to previous
studies regarding the inﬂuences of extreme climatic conditions in the region, and it is a contribution to reducing the gap
between common perception and scientiﬁc evidence regarding the ﬂoods in the region.
2. Wetlands of the Bolivian Amazon
The Bolivian wetlands, “Llanos de Moxos”, is a vast savanna ﬂoodplain of approximately 150,000 km2 (Hamilton et al.,
2004) located in the Mamoré–Beni–Guaporé (Iténez) rivers ﬂuvial system, between the eastern Andes, the adjacent Amazon
alluvial fans and the Precambrian Brazilian shield (Fig. 1). The mean altitude at the “Llanos” is approximately 150 m with a
mean slope less than 10 cm per km (Guyot, 1993). The natural vegetation is mixed: grassland and savannah vegetation in
seasonally ﬂooded areas, and evergreen tropical forests in non-ﬂooded areas, although deforestation has converted part of
the forest areas to pasture (Hamilton et al., 2004).
The hydrological dynamics of the “Llanos” is controlled by four major sub-basins (Fig. 1): the Guaporé (Iténez), the
Mamoré, the Beni and the Madre de Dios, which deﬁne the upper Madeira River Basin, the main southern tributary of the
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mazon. Although the Madre de Dios River is outside the geographical region that delimits the “Llanos”, the hydrological
ehavior of that river has a strong inﬂuence on the wetlands during major ﬂoods.
Altitudes in the four sub-basins range from 90 to 6500 meters above sea level (masl), where it is possible to differ-
ntiate three geomorphological regions: the lowlands (<800 masl), the Andean slope (800–3200 masl) and the high Andes
3200–6500 masl). The seasonality of precipitation in the Bolivian Amazon is governed by the South American Monsoon Sys-
em (SAMS) composed of the Low Level Jet (LLJ), the Chaco low pressure system and the South Atlantic Convergence Zone
SACZ) (Marengo et al., 2004). SAMS determines the moisture transport from the Atlantic Ocean southwards through the
mazon during the rainy season (November to March), and it is estimated that 70% of the total annual precipitation occurs
uring these months (Navarro and Maldonado, 2004). Precipitation during dry months (June to September), if present, is
enerated mainly by cold frontal advections from the Antarctic anti-cyclone (Navarro and Maldonado, 2004). Incoming
oisture from the Atlantic is deﬂected by the Andes, determining a particular spatial rainfall distribution across the Bolivian
mazon. The annual values in the lowlands vary southwards: from 2000 mm year−1 in the northern part of the region to
500 mm year−1 in the central lowlands and 800 mm year−1 in the southern part (Roche and Fernandez-Jauregui, 1988).
Rainfall variability westwards is highly inﬂuenced by the Andes: east-oriented Andean slopes capture moist warm air
orming a humid belt (Espinoza Villar et al., 2009). In the piedmonts (<1500 masl), rainfall values range from 6000 mm year−1
n the Mamore Basin, 4000 mm year−1 in the Beni Basin, to 1700 mm year−1 in the Mamoré (Roche and Fernandez-Jauregui,
988). Rainfall decreases with altitude from 800 to 1000 mm year−1 in the Andean summits of the Beni and Madre de Dios
asins (>4500 masl) to 450 mm year−1 in the upper Mamoré basin (∼2500 masl) (Roche and Fernandez-Jauregui, 1988).
The strong contrast between dry and rainy season leads to annual variability in discharge. In the Andes and piedmonts,
ydrographs have multiple peaks and lows, denoting a rapid response to rainfall. Downstream, the hydrograph is smoothed
nd ﬂoods occur generally during summer (Roche and Fernandez-Jauregui, 1988; Ronchail et al., 2003; Ronchail et al.,
005). Interannual variability in streamﬂow may  inﬂuence ﬂood intensity and extension depending on the meteorological
onditions in the Andean slopes-piedmonts and within the lowlands (Espinoza Villar et al., 2009; Roche et al., 1992). Thus,
ariable sources of ﬂoodwaters that include distinct upland watersheds and local precipitation result in high variability in
oth the magnitude of the ﬂooding and droughts (Hamilton et al., 2004; Hanagarth, 1993).
. Methods
.1. Data.1.1. Hydrometeorological data
We used hydrometeorological data from different sources in Bolivia, Brazil and Peru. Rainfall data integrated infor-
ation from the Brazilian National Institute of Meteorology (INMET), the Brazilian National Institute for Space Research
ig. 1. The upper Madeira Basin in Bolivia. Major sub-basins are delimited by black polygons; the red dots represent rain gauge locations; black triangles
ndicate the following gauge stations: Abunã—AB, Cachuela Esperanza—CE, Guajará-Mirim—GM, Príncipe da Beira—PB, Puerto Siles—PS, Puerto Almacén—PA
nd  Los Puentes—LP (see right inset for detailed location). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
eb  version of this article.)
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Table 1
List of stations used to characterize the hydrological behavior of the Llanos.
Code Station Longitude Latitude River Drainage area (km2) Mean discharge 1984–2014 (m3 s−1)
PS Puerto Siles −65.03 −12.78 Mamoré 230047 4157.00
PB  Príncipe da Beira −64.42 −12.43 Guaporé (Iténez) 341000 2233.10
CE  Cachuela Esperanza −65.57 −10.54 Beni/Madre de Dios 281000 8074.00
GM  Guajará-Mirim −65.35 −10.79 Mamoré/Guaporé 609000 7247.60
AB  Abunã −65.36 −9.70 Madeira 921000 15857.06
LP  Los Puentes −65.04 −14.88 Mamoré 153000 –
PA  Puerto Almacén −65.01 −14.88 Ibaré 5864 –
(INPE) and discharge and water level data from the Brazilian Water Agency (ANA). Rainfall data from Bolivia and Peru
were respectively extracted from the Bolivian and Peruvian Meteorology and Hydrology National Service—SENAMHI-BO
and SENHAMI-PE. Hydrological data was made available by the Project “Geodynamical, hydrological and biogeochemical
control of erosion/alteration and material transport in the Amazon basin”—SO HYBAM, which network is operated with
SENAMHI-BO and SENHAMI-PE. Rainfall data were analyzed in order to detect inconsistencies, according to the methodol-
ogy suggested by the Brazilian Water Agency (ANA, 2012). Then, raingauge data were interpolated to the whole catchment
using the method proposed by Lefevre et al. (2002), which is based in the inverse of the squared distance weighted by the
station altitude. This is necessary considering that basin rainfall is strongly affected by orographic effects (Espinoza Villar
et al., 2009). These data were qualiﬁed for analyzing the temporal and spatial distribution of rainfall anomalies over the
study region using the climatology for the period 1970–1990 derived by (Siqueira-Júnior et al., 2015).
The dynamics of the “Llanos” was analyzed using data from the stations listed in Table 1. The Abunã gauging station is
located downstream from the conﬂuence of the Beni, Abunã and Mamoré Rivers (Fig. 1), which join to form the Madeira
River. The Beni River rises in the hillslopes of the Bolivian Andes northward, and it receives the discharge from the Madre de
Dios River, which rises in the Peruvian Andes and ﬂows eastward. The discharge at the Cachuela Esperanza gauge station,
located downstream of this conﬂuence, indicates the contribution of the northwestern part of the study area. The Mamoré
River born in the Bolivian Andes, to the south of the study area, drains the precipitation falling over the western part of the
basin and ﬂows toward the north through the “Llanos”, where the Puerto Siles gauge station is located, to ﬁnally meet the
Guaporé (Iténez) river at the Bolivian-Brazilian border. The Guaporé River drains the southeastern part of the study area,
receiving the contribution of several streams from Bolivia and Brazil, including the semi endorheic Parapeti basin. Upstream
of the conﬂuence of the Guaporé with the Mamoré, the Principe da Beira gauging station is located, whereas downstream
of this conﬂuence, the representative gauge station is Guajará-Mirim.
Finally, exchange between the wetlands ﬂoodplain and the Mamoré main-stem was  analyzed using water stage data
from the stations of Los Puentes, located in the Mamoré River, and Puerto Almacén, which records data from the Ibare River,
a tributary of the Mamoré in the Llanos area. Both stations are operated by the Service for the Improvement of Amazon
Navigation – SEMENA – Bolivia.
Because the onset of the wet season in the study area is between mid-October and mid-November, the ﬂoods of 2007, 2008
and 2014 were respectively described for the following periods: October 2006–September 2007, October 2007–September
2008 and October 2013–September 2014.
3.1.2. Remote sensing data
Multi-temporal maps of ﬂooded area for the ﬂoods of 2007, 2008 and 2014 were derived using both active and
optical systems: MODIS (Moderate Resolution Imaging Spectroradiometer) and PALSAR (Phased Array Synthetic Aper-
ture Radar). MODIS data include seven spectral bands in the 400–2500 nm spectral region at 500 m spatial resolution
(http://modis.gsfc.nasa.gov). The near infrared (NIR—841–576 nm)  and middle infrared (MIR—1230–1250 nm)  channels
make it possible to capture the variation of the ﬂoodplain surface during the hydrological cycle as a function of vegeta-
tion growth, water availability and ﬂooding. We  used the MODIS MOD09A1 surface reﬂectance 8-day composite product
because it provides the best available pixel in an 8-day period, reducing the amount of data to analyze and the effects of
gaseous absorption, aerosol scattering and other atmospheric artifacts. Terra and Aqua MODIS M*D09A1 images for the slot
01/01/2001–09/09/2014 were collected from public repositories (https://lpdaac.usgs.gov/), resulting in 2248 images.
PALSAR is an active L-band sensor aboard the Land Observation Satellite (ALOS) launched in 2006 by the Japanese National
Space Agency (JAXA). PALSAR data make it possible to detect water under vegetation canopy due to the L band double bounce
effect with relative independence from atmospheric conditions (Woodhouse, 2006). Forty-ﬁve PALSAR. L1.5 product, ScanSar
HH images were selected to cover most of the ﬂoodable areas in the Bolivian Amazon while capturing different ﬂood stages
(dry, wet and intermediate) and to have homogeneous coverage in terms of acquisition dates. Thus, six mosaics from March
2007 to March 2009 were generated.
3.2. Flood mapping3.2.1. Image pre-treatment
ALOS PALSAR Product L1.5 images already includes corrections of range spreading loss, antenna pattern and incidence
angle corrections. Thus, previous image treatment included data transformation-correction, registration, mosaicking and
ﬁ
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ltering. Image transformation is the process of converting a linear amplitude image into a radiometrically calibrated power
mage. Then, the original digital numbers (original pixel values—DN) were transformed into sigma values (0), which is the
atio of the incoming and backing power in a patch of ground.
0 = a2
(
DN2 − a1Nr
)
(1)
here Nr is the noise offset and a1 and a2 are scale and linear conversion factors determined during the calibration of the
rocessor. To analyze the backscatter response for different land cover units, the values resulting from Eq. (1) were converted
nto dB values using the following equation:
dB = 10 × log10(0) (2)
Mosaics covering the study area were assembled for every date, and then, once coregistered, multitemporal and spatial
peckle reduction ﬁlters were applied. To increase the equivalent number of looks (ENL) by exploiting the temporal infor-
ation available in the time series for each pixel, we  applied a multitemporal ﬁlter developed by (Quegan et al., 2000). For
 sequence of N registered multitemporal images with intensity at position (x, y) in the kth image denoted by Ik(x, y), the
emporal ﬁltered images are given by:
jk (x, y) =
E [Ik]
N
N∑
i=1
Ii (x, y)
E [Ii]
(3)
k = 1, . . .N, where E[I] is the local mean value of pixels in a window centered at (x, y) in image I.
This ﬁlter makes possible to improve ENL and at the same time to preserve spatial resolution. Additionnal conventionnal
ltering is classicaly aplied to further improve the ENL in order to achieve appropriate radiometric stability (Martinez and
e Toan, 2007).
Image treatment and analysis of MODIS images followed these steps: (i) cloud masking, using ancillary pixel information
rovided by the MODIS-MOD09A1 product; (ii) selection and delineation of sampling areas—AOI considering a variety of
and cover units along the study area; (iii) reﬂectance analysis for each of the selected AOI by automated procedures; and
iv) development of classiﬁcation criteria using key values and thresholds of infrared bands.
Spectral analysis of MODIS reﬂectance and PALSAR backscater signatures provided key information regarding its temporal
ariation along the ﬂoodplanis, details can be found in Supplement S1.
.2.2. Image classiﬁcation
Classiﬁcation was based on an object-based image analysis (OBIA) approach (Blaschke, 2010), using segments or clusters-
ased mapping algorithms rather than pixel-based schemes. Image. Segmentation was  achieved by exploring spatial
onnectivity and spectral similarity between pixels in order to form groups of homogeneous pixels. The statistical mean
as computed at the cluster level and then used in the ﬂood mapping algorithm. Spatial segmentation was  performed in
he PALSAR image dataset since it present the ﬁnest spatial resolution, and was subsequently applied on the MODIS images
hat were registered to the same geometry. This procedure generated smoother maps without excessive outlier pixels, and,
n the case of the MODIS images, it tackled the lack of information resulting from extensive cloud cover in most of the wet
eason images. We  applied the eCognition software (Trimble, 2011) to perform the segmentation, using the Multiresolu-
ion segmentation method, giving all the layers the same weight, and assigning weights of 0.4 and 0.8 to shape and color
compactness) parameters, respectively.
Classiﬁcation algorithms and data analysis for both the ALOS-PALSAR and MODIS systems were performed based on
heir respective backscatter and reﬂectance temporal variation. Temporal changes between dry and wet  seasons are related
irectly to the progression of ﬂooding. Initially, by using the dry season signals and total change estimations, different land
over types are deﬁned; then, the signal change between dry and wet season is used as a ﬂood indicator.
For PALSAR images, the temporal variation across the time series is estimated by an Absolute Change (AC) estimator
lgorithm (Quegan and Le Toan, 1998). It estimates the logarithm of the ratio between any date within the multi-date data
et (Quegan et al., 2000) according to Eqs. (4) and (5).
AC = 10log 2
2N − 1
N
i=1jiRij (4)
with Rij = max
(
i
j
,
j
i
)
(5)
The AC computes the total unsigned backscatter change using the maximum ratios for every possible image couple.
hen, the ratios are summed and normalized by the number of images. The AC provides positive values in decibels, which
n combination with dry season radar signals and dry season MODIS NDVI values, allows to obtain a land cover map  with
our classes: water bodies, dense forests, sparse forests, and savannas; and three ﬂood susceptibility subclasses: ﬂoodable
ense forest, ﬂoodable sparse forests and ﬂoodable savannas. (Details in Supplementary material S1). The accuracy of this
ap  was validated with a wetland extent map  generated from JERS-1 SAR data (Hess et al., 2015b), in which wetlands were
eﬁned as the inundated areas during radar acquisition dates (October–November 1995 or May–July 1996), or adjacent areas
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displaying landforms consistent with wetland geomorphology (Hess et al., 2015a). Details of the validation are provided in
Supplementary material S3. The ﬂood status for every land unit is determined by contrasting backscatter from every image
with a referential dry season image, leading to a more complex class deﬁnition. If the backscatter signal changes until a
ﬁxed threshold, then the unit is classiﬁed as saturated or ﬂooded. Submerged areas present a dramatic backscatter decrease,
while saturated zones show increasing return as a function of vegetation structure. This second step gives birth to a more
complex class deﬁnition that splits each vegetation class in either ﬂooded/non-ﬂooded sub-class.
The classiﬁcation of optical images is based on the radar image typology in terms of spatial clustering and vegetation
type. Thresholding the MIR  and NIR channels allows one to discriminate ﬂood status classes, also with a more complex class
deﬁnition (Supplementary material S2).
We  evaluated the robustness of the ﬂood mapping based on the MODIS time series by comparing the resulting areas
estimates with the areas assessed from an independent dataset. To achieve this objective, we analyzed PALSAR L-band SAR
times series in order to compare the ﬂooded savannas area and the ﬂooded forested area estimates for ﬁve different ﬂood
stages including rising ﬂood (December 2007), ﬂood peak (March 2007, March 2008, March 2009) and decreasing ﬂood (June
2007). As L-band microwave is known to penetrate deeply the vegetation cover and the PALSAR images stand as the best
dataset allowing for a reliable estimates of the ﬂooded area under forest cover. Comparison between SAR data and MODIS
data is not straightforward as there is no SAR sensors acquiring images with the same time frequency and spatial resolution
than MODIS. Furthermore, visible and infrared light and radar microwave do not interact the same way with the vegetation,
the soils and the water surface. In this way, we do not expect both SAR and MODIS ﬂood estimates to match perfectly but we
assume that their comparison is a fair assessment of the robustness of MODIS-derived ﬂood maps (Supplementary material
S3).
4. Results and discussion
4.1. Hydrological regime of the upper Madeira Basin
In addition to the contrasting differences in seasonal discharge of the sub-basins of the upper Madeira River due to
differences in climate regime, the hydrological response is quite distinctive mainly because of the topographic characteristics
of the middle and lower drainage areas. Because the Madre de Dios River has steeper topography and smaller contribution
area compared with the other sub-basins, its hydrological response is faster and characterized by spiky behavior, and it has
a strong inﬂuence on the peak and shape of the ﬂood waves of the Beni River. The Mamoré River, on the other hand, ﬂows
along the vast “Llanos” wetlands, which reduces the peaks and signiﬁcantly delays the travel time of the ﬂood waves coming
from the Andes. This explains why the peak discharge at Cachuela Esperanza station in the Madre de Dios-Beni River system
occurs, on average, 54 days before the peak in Guajará-Mirim station in the Mamoré–Guaporé river system.
In the Madeira River, at the Abunã station, peak discharges occurs, on average, 8 days after Cachuela Esperanza and 46
days before the peak in the Mamoré–Guaporé river system. The time difference between the peaks of the Madre de Dios-Beni
river system, coming from the west part of the study area, and the Mamoré–Guaporé River system, coming from the east,
attenuates the discharge of the upper Madeira and prevent the occurrence of extremely high river levels at Abunã station.
4.1.1. Hydrometeorological context of the 2007, 2008 and 2014 ﬂood events in the upper Madeira Basin
Flood events are reported periodically in the Llanos because this area is naturally exposed and dependent on regular
annual ﬂood pulses. However, the extreme characteristics of the 2007, 2008 and 2014 ﬂood events created serious concerns
in local communities not only because of their magnitude but most importantly because they were concentrated in less than a
decade. Although the ﬂoods of 2007 and 2008 should be classiﬁed in the above-normal category, we  consider the three events
as “extreme” since ﬂoods of the same magnitude than that of 2007 (+27% from mean ﬂood peak for the period 2001–2014)
resulted in strong impacts on the economy of local communities and triggered several civil protection actions (CEPAL,
2008). To analyze these extreme events, Fig. 2a and b shows rainfall anomalies in the study area for the wet  season periods
associated with the three events, that is, October 2006–March 2007, October 2007–March 2008 and October 2013–March
2014. In addition, Fig. 3 shows daily discharges during 2007, 2008 and 2014 against the long-term mean discharges of the
period 1984–2014.
4.1.1.1. The ﬂood of 2007. Rainfall during the rainy season of 2007 was higher than the climatological average mainly over
the drainage areas of the Mamoré and Guaporé rivers. Major rainfalls occurred over the headwaters of these basins in January
2007 and over Beni and Madre de Dios basins in February 2007 (Fig. 2b). These positive rainfall anomalies were responsible
for higher than average discharges at Guajará Mirim station from late February through middle June and from early March
to middle June in Puerto Siles gauge stations. At Principe da Beira, discharge was  also above the mean from the beginning of
the rainy season (October) until June. Although the Mamoré River peaked 16 days later than expected from the long-term
average in Puerto Siles, the peak in Guajará Mirim occurred only 3 days earlier than the average time. The delay in the time
of the peak that occurred in the Mamoré River in Puerto Siles station reduced the lag time between the peaks of the Mamoré
and Guajará Mirim rivers (Fig. 3), almost superimposing the peaks of the ﬂood waves of the two  rivers at Guajará Mirim
station, exacerbating the discharge levels close to the peak.
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At the Beni River at Cachuela Esperanza station, higher than average discharges were observed from late February though
early June, and the peak discharge was delayed 14 days from the expected average. This delay in the peak reduced the normal
time-delay between the contribution of the western and eastern portions of the upper Madeira Basin, and also delayed the
peak of the Madeira River at Abunã station. The fact that the contributions of both parts of the basin were “almost in phase”
explains the exceptional discharges observed during the 2007 ﬂood.
4.1.1.2. The ﬂood of 2008. During the hydrologic year of 2007–2008, discharges higher than average were observed in Guajará
Mirim from December through June due to above average rainfall occurring over the Mamoré–Guaporé basin during the
rainy season (Fig. 2a and b). The largest positive anomalies of precipitation were observed in January 2008 over the basin.
Although discharge data during the peak of the hydrograph in Principe da Beira are missing, a visual analysis of Fig. 3
indicates that this peak occurred during the ﬁrst half of May, later than expected. Discharges were above the long-term
average from February 2008 until September 2008. Exceptionally higher than long-term average discharge was  also recorded
in the Mamoré River at Puerto Siles from December through May, and the peak timing was  slightly delayed from the average.
Due to the severity of the 2008 ﬂood at the Mamoré River, the discharge at Guajará Mirim was  well above the long-term
average, and the peak occurred 17 days earlier than average, in middle April 2008. The reason for the water stage behavior
at Guayará Mirim during 2008 is related to the spatial distribution of rainfall: a large amount of rainfall accumulated during
February and March over the lower part of the Mamore basin, downstream of Puerto Siles (Fig. 2a and b). This anomalous
Fig. 2. (a)Monthly rainfall anomalies from October 2006 to January 2007 (left column); October 2007 to January 2008; and October 2013 to January 2014.
(  b) Monthly rainfall anomalies from February 2007 to April 2007 (left column); February 2008 to April 2008; and February 2014 to April 2014.
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rainfall located close to Guayará Mirim station suffered almost no attenuation, and it added to the crest of the ﬂood coming
upstream from the Mamoré River, resulting in the exceptional discharges observed at Guajará Mirim station (Fig. 3).
In Cachuela Esperanza, the Beni River discharges were higher than the long-term average from October through April,
and the maximum discharge was recorded 23 days before the long-term average. However, a secondary peak occurred in
early April (09/04), directly associated with the positive rainfall anomalies in the headwaters of the Madre de Dios sub-basin
Fig. 3. Hydrograph of the mean monthly discharge (thick lines) during the 2007, 2008 and 2014 ﬂood events (thin lines) for different discharge stations.
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Fig. 2a and b). This second peak almost coincided with the higher discharges recorded at Guajará Mirim station. This second
ate peak, a few days before the peak at Guajará Mirim, drove water levels in the Madeira River to exceptionally high values
t Abunã station. Moreover, Abunã registered discharges higher than the average from the beginning of the rainy season
October) until early June, and the peak was observed 25 days later than expected from the long-term average.
.1.1.3. The ﬂood of 2014. Rainfall above the climatological mean was observed in December 2013 over the conﬂuence area
f the Guaporé and Mamoré rivers. Later, positive rainfall anomalies spread over the whole upper Madeira basin, with the
argest values over the drainages areas of the Beni-Madre de Dios River system during January 2014 (Fig. 2a and b).
This anomalous rainfall produced exceptionally higher than normal discharge in the Mamoré River at Puerto Siles in
ebruary 2014 and in the Guaporé River at Príncipe da Beira in March 2014. In Puerto Siles, the peak was observed only 9
ays before the long-term average, whereas in Príncipe da Beira, it was 22 days earlier than average. The peak time at Puerto
iles matched the beginning of an abrupt increase of discharge at Guajará-Mirim during the ﬁrst days of March. Discharge
bove the average was recorded in Guajará Mirim from the beginning of the rainy season (October), and the hydrograph peak
ccurred by the end of March, one month earlier than expected from the long-term hydrograph. The river Beni at Cachuela
speranza showed discharges exceptionally higher than the long-term average since October 2013. During Mid-January,
ischarge increased abruptly in response to abundant rainfall in the Beni and Madre de Dios contributed areas. The peak at
achuela Esperanza station was recorded 14 days earlier than expected from the long-term averaged hydrograph (Fig. 3).
By the time that the ﬂood wave coming from the Mamoré–Guaporé river system had reached its peak at the Guajará-
irim station, discharge in the Madeira River at Abunã station was  well above the long-term average because it was receiving
igniﬁcant ﬂows from the Beni-Madre de Dios River System. Moreover, during 2014, both the Beni-Madre de Dios and
amoré–Guaporé river systems showed exceptionally high discharges, and both systems peaked at the Madeira conﬂuence
lmost simultaneously, superimposing the ﬂood waves of the eastern and western upper Madeira Basin. In addition to the
act that the ﬂood waves coming from different areas of the basin were in phase, the ﬂood of the Madeira River at Abunã
as exacerbated by intense local rainfall at peak time.
.2. Flood dynamics in the Llanos during the 2007, 2008 and 2014 events
.2.1. Spatial and temporal variability of ﬂoods
The multi-temporal series of ﬂood maps obtained from MODIS images for the time slot 2001–2014 allowed to identify
he peculiar characteristics of the Llanos de Moxos. Flood peaks tend to occur between March and April, whereas during
ugust–September, ﬂoods are primarily related to permanent water bodies (lakes and rivers). A conspicuous degree of
nterannual variability is observed, with a range of 50,293 km2 between the maximum ﬂood peak (2014) and the minimum
ood peak (2012). The average ﬂood peak reaches 36,859 km2 with a standard deviation of approximately 14,357 km2 (Fig. 4).
hese metrics clearly show that there is a complex dynamic in terms of ﬂood extension and timing.
When comparing these results with those obtained by Hamilton et al. (2004), who  performed ﬂood estimations for
he period 1978–1987 from passive microwave radiometry, it is possible to note both similarities and disparities. Our
stimation indicate that permanent open water are approximately 3700 km2 against 4780 km2 estimated by Hamilton et al.
2004). The annual ﬂood cycles are similar (peaks in March–April and minimum in August–September); the maximum ﬂood
xtension estimated in this study, including permanent water bodies, was  71,305 km2, approximately 12,000 km2 less than
amilton’s estimation for 1982 (83,248 km2). The medium values of inundation including permanent open water for the
eriod 1979–1987 derived by Hamilton et al. (2004) was 28,163 km2, against 9835 km2 for the period 2001–2014. These
ifferences are partly related to the different remote sensing techniques employed, as well as differences in the hydrological
egime of the two periods considered as suggested by statistical tests in the hydrological station in Puerto Velho, which is the
nly station who has available data for the period 1979–2014. The non-parametric Wilcoxon and Kolmogorov tests rejected,
ith 5% of conﬁdence, the null hypothesis of equal medians and equal distributions, respectively, between the discharges in
orto Velho between the periods 1979–1987 and 2001–2014. Also, the Pettit test for homogeneity applied to the 1979–2014
eries rejects the null hypothesis at the same level of conﬁdence.
In addition, making use of visual interpretation of optical and SAR high resolution images (pixel of about 30-m size),
ourrel et al. (2009) assessed a ﬂooded area of 30,000 km2 for the 1997 ﬂood. Other maximum ﬂood estimations in the
rea, such as 150,000 km2 reported by Junk (1993), 100,000 km2 estimated by Hanagarth (1993) or 215,171 km2 estimated
y Crespo and Van Damme  (2011), are based on ﬂoristic and vegetation composition rather than on water detection from
emote sensing techniques, and they are not reported in yearly time steps. Hence, no direct comparisons were performed
ith them.
It is possible to distinguish that the events of 2007, 2008 and 2014 are the most representative of the period 2001–2014
n terms of magnitude and behavior (Figs 4 and 5). The maximum ﬂooded area was 40,676 km2 on 22/03/2007, exceeding
y +27% the mean ﬂood peak for the 2001–2014 period; 59,694 km2 on 07/04/2008, exceeding by +62%; and 71,305 km2 on
6/03/2014, with +93% above the mean.
Fig. 6a and b show the ﬂood dynamics of the Llanos areas for the 2007, 2008 and 2014 events for different dates, shown as
ertical bars in Fig. 5: continuous bars indicate that the ﬂooded area is increasing, whereas dotted vertical bars correspond
o when the water is receding in the ﬂoodplain.
302 A. Ovando et al. / Journal of Hydrology: Regional Studies 5 (2016) 293–308
Fig. 4. Time-variation of the ﬂooded area in the study area during period 2001–2014. The horizontal red line indicates the mean of the ﬂood peaks; the
yellow solid line indicates the minimum open water extension. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the  web  version of this article.)
Fig. 6a shows that the ﬂooding begins in isolated spots in the central area of the Llanos, in endogenous streams, rivers and
lakes, suggesting the existence of a threshold storage level in several small lakes that needs to be reached to allow exchange
with the drainage network. It is noticeable, in the case of the 2007 and 2008 ﬂoods, the displacement and expansion of the
ﬂooded area from the southern part to the center of the Llanos, close to Puerto Siles station, a process that occurred along
the Mamoré main-stem simultaneously with the movement of the river ﬂood-wave. When this gradually growing ﬂooded
area reached the center of the Llanos, the ﬂooding generalized to the whole area of the wetlands. This process was not as
evident during the 2014 ﬂood, presumably because the magnitude of the rainfall and consequently the dynamics of the
process were so fast that the temporal resolution of the images could not capture that behavior.
It is also clear that there were differences in the timing of the three events: although in the 2007 ﬂood event, the increase
in the ﬂooded area became evident by the beginning of March, during the 2008 and 2014 events, the ﬂooded area was
noticeable already in early February, particularly during 2014. This is related to the fact that in the event of 2007, positive
rainfall anomalies were observed in January 2007, whereas in the ﬂoods of 2008 and 2014, above-the-mean rainfall was
observed from November 2007 and December 2013, respectively (Fig. 2a and b).
The ﬂooded area in February in the western part of the “Llanos” was much larger in 2014 compared to 2008. However,
in the eastern part, particularly between late March and during April, the situation was  the opposite (Fig. 6a and b); thus,
the eastern ﬂooded area was larger in 2008 compared to 2014. This illustrates the effect of local rainfall on the dynamics of
the wetlands: in January and February 2008, the eastern portion of the Mamoré contribution area was affected by intense
localized positive rainfall anomalies. Although in January and February 2014 positive rainfall anomalies were spread over
the Mamoré contribution area, very intense rainfall spots were located in the upper Mamoré only in 2008 (Fig. 2a and b).
Fig. 5. Time-variation of the ﬂooded area during the 2007, 2008 and 2014 ﬂood events. Vertical lines indicate the dates of the ﬂood maps of Fig. 6a and b.
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On the other hand, during 2014, the strongest positive rainfall anomalies persisted in the upper Madre de Dios-Beni river
system during January and February 2014 (Fig. 2a), explaining why  the ﬂood was extended to the west in 2014 compared
to 2008. Therefore, localized rainfall is a determinant of the dynamics of a ﬂooded area.
Time variation in the three ﬂood events was also veriﬁed during the recession of the ﬂooded area: Fig. 5 indicates that
during the 2007 event, the Llanos had returned to its initial condition of January by June 10th, while in the other two  events
the ﬂooded area was still evident. This is related to the fact that rainfall returned to normal by March 2007, whereas in
2008 and 2014 rainfall higher than the climatological mean persisted over the Beni and Mamoré basins. Therefore, the
extension of the ﬂooded area depends not only on the magnitude of rainfall anomalies but is also directly related to the
time-persistence of positive rainfall anomalies. Although March marks the end of the wet season and the rainfall amounts
Fig. 6. (a) Flood dynamics of the Llanos areas for the 2007, 2008 and 2014 events from January to March. (b) Flood dynamics of the Llanos areas for the
2007,  2008 and 2014 events from April to June.
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are already declining, above normal values during this month have the potential to cause signiﬁcant surface runoff because
the ﬂooded area is usually close to its maximum.
Fig. 7 shows the relationship between ﬂooded area and the stage at Puerto Siles gauge station. Although there is a clear
relationship between the ﬂooded area and the gauging station, a loop in the relationship is also evident with the river’s
rise and recession observed in the three ﬂoods. This behavior is explained by the arrival of the ﬂood pulse coming through
the Mamoré River, shown in Fig. 6a: the ﬂooded area gradually increases upstream of Puerto Siles station before the gauge
can detect signiﬁcant variation of the water stage. However, at the peak time of Puerto Siles, the ﬂooded area reaches its
maximum, indicating that the station is a good proxy for the ﬂooded area of the wetlands. Moreover, during the recession,
the relationship is stable and well deﬁned regardless of the previous history of the ﬂood event.
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.3. Hydrological functioning of the Llanos
Bourrel et al. (2009) hypothesized that the ﬂoods in the Llanos are controlled by two  different processes:
 An exogenous process resulting from the arrival of the ﬂood wave from the Mamoré River and other tributaries generated
in the Andes piedmont;
 An endogenous process resulting from the outﬂow of water from the wetlands in response to local precipitation, which
can be temporarily blocked by high water levels of the exogenous ﬂood wave at the Mamoré main-stem.
Bourrel et al. (2009) suggested that wetlands dynamics vary markedly from year to year: sometimes, the endogenous
rocess controls almost the entire ﬂood wave, sometimes the ﬂood wave is governed by the exogenous process, and during
arge ﬂoods, it is governed by the combination of the two.
The arrival of the ﬂood wave through the Mamoré River together with the expansion of the ﬂooded area downstream,
epicted in Fig. 6a and b, is a strong indication that the ﬂooding of the Llanos makes an important exogenous contribution
o the initial phase of the ﬂood, as suggested by Bourrel et al. (2009).
Although we observed in Fig. 6a that concomitant with the expansion of the ﬂooding upstream, the ﬂooded area also
ncreased in isolated areas of the endogenous network, the contribution times to the Mamoré River of endogenous streams
nd lakes are likely to be much longer than the arrival of the ﬂood wave through the Mamoré River. Therefore, in the initial
hase, the ﬂooding of the Llanos should occur mainly from the river main stem toward the ﬂoodplain.
To check for potential hydrodynamic effects in the exchange between the Mamoré main stem and the wetlands, we
ompared the water stages of the Mamoré River at Los Puentes and the Ibaré River, an endogenous tributary of the Mamoré
iver, at the Station of Puerto Almacén (Fig. 1) during the ﬂoods of 2007, 2008 and 2014. Because the two stations are
elatively close, comparison of their water stage behavior provides an indication of the magnitude and direction of the river
ain-stem and ﬂoodplain exchange. Water stage was  expressed in meters above sea level based on the altitude of the gauge’s
ero as estimated by Kosuth et al., (2006).
Fig. 8 indicates that, at the beginning of the rising limb of the ﬂood, the water stage at the Mamoré River at Los Puentes
as higher than in the Ibaré River at Puerto Almacén, suggesting that the direction of the ﬂow was from the river to the
oodplain. As the ﬂood progressed, the water stage at the gauge station located at the wetlands was  higher than the station
n the Mamoré main-stem particularly during the 2008 and 2014 ﬂoods, indicating that the ﬂow was from the wetlands
oward the river. This process continues during the peak and for most of the recession of the ﬂood wave. Finally, when the
ecession became more pronounced, differences in water level between the two  stations gradually reduced and eventually
nverted, suggesting a return to the initial conditions. Although the water stages during 2007 ﬂood were similar in behavior,
hus is, a steeper raise in Puerto Almacén gauge stations close to the peak-time, the water stages in this station remained
nly slightly higher than Los Puentes station and for a shorter time-period. This suggests that the ﬂow from the wetlands
oward the river was less important in magnitude and duration during 2007 compared to the other two  events.
Our data conﬁrm the hypothesis of Bourrel et al. (2009) with respect to the combination of exogenous and endogenous
rocesses during large ﬂoods. In addition, the data suggest that, during major ﬂoods, the exogenous process is relatively short-
ived and dominates only the ﬁrst part of the rising phase. Because at peak time the difference in water stage between the
etlands and main stem is at its maximum (Fig. 8), lateral contribution from the wetlands to the river (endogenous process)
ppears to determine the magnitude and duration of the ﬂooding. Moreover, the larger the ﬂood, the more signiﬁcant the
ows from the wetlands towards the river: the 2014 ﬂood produced the largest positive gradients from the wetlands to the
iver main stem and for a longer time-period, followed by the 2008 ﬂood and ﬁnally the 2007 event. However, despite the
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Fig. 8. Water stage at the station of the Mamoré River at Los Puentes (continuous lines) and the Ibaré River at Puerto Almacén (dotted lines) during the
2008  (green lines) and 2014 (red lines) ﬂoods. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version
of  this article.)
Table 2
Comparison between the wet season rainfall anomalies (in mm)  during the three ﬂoods events for the ﬂoodplain (drainage areas with altitudes below
250  m)  and for the piedmont and mountainous areas (drainage areas with altitude above 250 m) for the Mamoré River at Puerto Siles during the three ﬂood
events.
Period Floodplain Piedmonts and MountainsOct 2006–Mar 2007 48 −37
Oct 2007–Mar 2008 384 119
Oct 2013–Mar 2014 363 74
reduced duration of the exogenous phase, it is clear that it plays a crucial role in damping the ﬂood by transferring water to
the wetlands during the initial phase of the event.
Additional evidence about the relative importance of the local rainfall on the wetland areas compared to the exogenous
processes during major ﬂoods is provided by Table 2, which shows rainfall anomalies of all three events for the Mamoré
River at Puerto Siles Station for the period October–March. Based on Fig. 1, we  arbitrary classiﬁed as ﬂoodplain the drainage
area with altitude lower than 250 m,  and as piedmonts and mountains the drainage area above 250 m of altitude. Although
the analysis of accumulated values of rainfall anomalies have limitations since the magnitude of the hydrological response
is closely related to intense rainfall events at daily to weekly time scales, rather than seasonal accumulated values, it is
clear that rainfall anomalies where consistently higher in the ﬂoodplain in all events. In relative terms, accumulated rainfall
anomalies in the ﬂoodplain were 85 mm,  265 mm and 289 mm higher in the ﬂoodplain compared to the piedmonts and
mountains during the 2007, 2008 and 2014 events respectively.
5. Conclusions
Major ﬂood events in the upper Madeira are characterized by the superposition of ﬂood waves originating in the Beni-
Madre de Dios River system (western upper Madeira) and the Mamoré–Guaporé river system (eastern upper Madeira). The
concomitant peaks reaching the Madeira River at Abunã station, exacerbated by abundant local rainfall, result in higher peak
discharges such as those observed during the 2007, 2008 and 2014 ﬂood events. In the case of the 2007 event, the peak of
the Madeira was enhanced due to a delay in the discharge of the Beni-Madre de Dios River system, which was  in phase with
the contribution of the Mamoré–Guajará system. During the 2008 ﬂood, the peak of the Madeira River at Abunã resulted
from the superposition of a late secondary peak from the Beni-Madre de Dios system with the peak of the Mamoré–Guaporé
system, and it was augmented by intense local rainfall at Abunã station. Finally, in the 2014 ﬂood, the ﬂood wave from the
Mamoré–Guaporé river system was faster and “in phase” with the contribution coming from the Beni-Madre de Dios river
system. Because the discharges of the two river systems were the maximum recorded in the available series, the Madeira
reached peak discharges never observed in the existing series.
In terms of ﬂooded area, this study corroborated the estimations of Hamilton et al. (2004) in terms of the maximum
ﬂooded area. However, discrepancies were noted in terms of the mean ﬂooded area, presumably due to differences in the
methodology used for image processing.
The dynamics of the ﬂooded area in the Llanos are strongly dependent on the timing and spatial distribution of positive
rainfall anomalies. The magnitude of the ﬂooding, on the other hand, is strongly dependent not only on the spatial distribution
of the positive anomalies but also on the location of intense rainfall spots. This can be explained by the fact that ﬂooded areas
transform all rainfall into runoff, and therefore localized intense rainfall has an immediate and abrupt inﬂuence on river
discharge. Obviously, this effect is more pronounced in the middle of the wet  season, when the ﬂooded area is enough large
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hat the hydrological response cannot be attenuated by soil water storage. In addition, the persistence of positive rainfall
nomalies in March determines the duration of the ﬂooding.
As suggested by Bourrel et al. (2009), ﬂoods in the Llanos are a combination of an exogenous process, which is a ﬂood
ave originating in the Mamoré upper drainage area; and an endogenous process, which is the contribution of the ﬂooded
rea of the Llanos. Although the exogenous process appears to be important in the early phase of the ﬂooding, dampening the
ncoming ﬂood wave from the Andes piedmont, the endogenous process appears to be the most important in determining
he magnitude and duration of the ﬂooding of major ﬂoods.
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